INTRODUCTION
The recent pandemic swine-origin influenza A virus (S-OIV1; H1N1) presented a major worldwide public health threat during the 2009/2010 influenza season. Fears over this unique virus were fueled, in part, by its strong propensity to replicate and cause more severe disease in naïve laboratory animals than other seasonal H1N1 viruses [1] . Additionally, scientists predicted herd immunity would provide minimal protection against the S-OIV because its envelope hemagglutinin (HA) and neuraminidase proteins, which are the primary targets of influenza-specific antibody, were derived from a classical swine lineage that evolved pronounced antigenic variations following its split from the human seasonal H1N1 viruses during the 1918 pandemic [2] [3] [4] . This supposition was confirmed by a series of studies showing most individuals (those under 60 years of age) lack pre-existing crossprotective humoral immunity against the S-OIV and vaccination with the 2008/2009 seasonal trivalent influenza vaccine (TIV) rarely elicited neutralizing antibody responses against this unique H1N1 virus [3, 5] .
Despite research studies suggesting the S-OIV is highly pathogenic in laboratory animals and shares few B cell epitopes with most seasonal H1N1 viruses [6] , it triggered only mild symptoms in many patients and failed to evolve into a major global pandemic [7] . A potential explanation for this unexpected observation was that pre-existing (memory) influenza-specific T cells generated cross-reactive effector responses against the S-OIV capable of limiting disease severity and virus spread in individuals lacking pre-existing cross-protective antibody. A recent study in support of this theory showed ferrets immunized with the seasonal trivalent influenza vaccine (TIV) were protected from S-OIV-induced disease, but lacked sterilizing immunity against this novel virus [8] . This claim was further substantiated by an in silico evaluation and meta-analyses performed by our group [9] and Greenbaum et al. [6] , respectively, demonstrating the pandemic and seasonal H1N1 viruses share highly conserved T cell epitopes.
While our computational tools provided strong evidence for the existence of shared T cell epitopes between the S-OIV and seasonal H1N1 strains, we sought a practical (biological) assessment of these predictions. This was accomplished in the current study by using a highly sensitive in vitro DC-based CD4 + T cell culture assay developed at sanofi pasteurVaxDesign campus [10, 11] to examine the capacity of human influenza-specific T helper cells from donors not previously exposed to S-OIV to generate cross-reactive effector responses against these immunogens. Though our published in silico study provided a comprehensive evaluation of potentially cross-reactive H1N1 CD4 + and CD8 + T cell epitopes derived from both the influenza HA and NA proteins, we specifically focused the current evaluation on CD4 + T cells against the HA protein of the virus since we were interested in understanding whether vaccination with the seasonal TIV (comprised principally of the HA protein and poorly able to elicit CD8 + T cells) might be capable of generating cross-reactive CD4 + T cell responses against the S-OIV. As such, the target epitopes chosen for the biological evaluation included a series of synthetic HA peptides that are highly conserved between the pandemic H1N1 virus, A/California/07/2009, and the 2009/2010 seasonal H1N1 vaccine strain, A/Brisbane/59/2007, and were predicted by us to generate strong T cell responses by binding promiscuously to eight HLA-DRB1 alleles that cover 99% of the population [9, 12] .
Using this approach, we readily generated effector T helper cells against ten HA epitopes that are highly conserved between S-OIV and other H1N1 viruses. Furthermore, we demonstrated the EpiMatrix T cell epitope algorithm was 80-90% accurate in predicting CD4 + T cell epitopes and their HLA-DRB1-dependent response profiles in donors that were chosen at random for HLA haplotype. As a whole, these results strongly support the hypothesis that pre-existing, cross-reactive CD4 + T cell immunity limited the spread and severity of disease resulting from the S-OIV pandemic. As well, this study highlights the utility of coupling robust in vitro immunoassays with computational techniques to better understand human immunity, including cross-protective responses, and to define CD4 + T cell epitopes for potential vaccination efforts against future influenza viruses and other pathogens.
MATERIALS AND METHODS

Human donors and PBMC isolations
PBMCs used in the assays were acquired from normal healthy donors who provided informed consent and were enrolled in a sanofi pasteur -VaxDesign Campus apheresis study program (protocol CRRI 0906009). Blood collections were performed at Florida's Blood Centers (Orlando, FL) using standard techniques approved by their institutional review board. Within hours following their harvest from the donor, the enriched leukocytes were centrifuged over a ficoll-paque PLUS (GE Healthcare, Piscataway, NJ) density gradient [10, 11] . PBMCs at the interface were collected, washed, and cryopreserved in IMDM media (Lonza, Walkersville, MD) containing autologous serum and DMSO (SigmaAldrich, St. Louis, MO). All PBMCs used in this assay were collected from subjects in our donor program prior to the outbreak of the S-OIV in Florida in May of 2009. The ages of the donors (in years) follows: 1142 (25), 1010 (21), 940 (25) , 923 (25) , 720 (46) , 548 (23), 208 (39) , and 182 (40) .
Peptides and reagents
Synthetic peptides matching sequences of the HA protein from S-OIV were generated by BioSynthesis, Inc. (Lewisville, TX) to a purity of at least 95%. (The sequences can be found in Table 1 .) The tetanus toxoid P30 peptide (TT947-967; FNNFTVSFWLRVPKVSASHLE) was synthesized by Elim Biopharmaceuticals (Hayward, CA) to a purity of at least 95%. 
Generation of cytokine-derived dendritic cells
Dendritic cells (DCs) were prepared using our published methodology [10] . Briefly, monocytes were purified from total PBMCs by positive magnetic bead selection (Miltenyi Biotec, Cologne, Germany), cultured for 7 days in X-VIVO 15 (Lonza) serum-free media supplemented with GM-CSF (R&D Systems, Minneapolis, MN) and IL-4 (R & D Systems), and then harvested for assay usage. In all assay conditions described below where vaccines or purified proteins were used as antigens, the DCs were pulsed for at least 2 hrs with the immunogen and washed prior to being used in the assay. In cases where synthetic peptides were used to stimulate T cell responses, the epitopes were added directly to the assay wells (the DCs were not pre-pulsed).
IFNγELISPOT
CD4 + T cells were enriched from frozen PBMCs by negative magnetic bead selection (Miltenyi Biotec) and cocultured with autologous DCs at a 10:1 ratio in 96-Well Multiscreen HTS plates (Millipore, Billerica, MA) that had been pre-coated with anti-human IFNγ Ab (BD Pharmingen). As noted above, some DCs were pre-treated with a 1:500 dilution of the 2008/2009 seasonal TIV (which contained the Brisbane H1N1 virus) or S-OIV vaccine formulation or 1.8 μg/ml Brisbane HA or California HA proteins. Otherwise, the DCs were added to the T cells in the presence of 1.0 μg/ml pooled or individual S-OIV HA peptides or the negative control tetanus (TT947-967) epitope. After a 24-hr coculture, the plates were processed using the IFNγ ELISPOT kit (BD Pharmingen) and quantified by colorimetric evaluation using hardware and software analysis from AID EliSpot (Strassberg, Germany).
CD4 + T cell stimulation assay
CD4 + T cell stimulation assays were performed using protocols established at sanofi pasteur -VaxDesign Campus [10, 11] . Briefly, autologous CD4 + T cells were enriched from frozen PBMCs by negative magnetic bead selection (Miltenyi Biotec) and then co-cultured with autologous DCs that either had been untouched (control wells) or pre-pulsed for at least 2 hrs with 1.8 μg/ml Brisbane HA protein. After a 12-day incubation period, the lymphocytes were harvested and evaluated for effector activity in an intracellular cytokine staining assay (ICCS) where fresh autologous DCs served as APCs. For the readout/ICCS assay, the DCs were pre-pulsed with the Brisbane HA protein or cultured with the T cells directly in the presence of 1 μg/ml synthetic peptide. The T cells and target DCs were co-cultured for 7 h; 1 μg/ml brefeldin A (Sigma-Aldrich) was added to the wells during the final 5 h of culture to prevent protein egress from the Golgi apparatus. Following the incubation period, the cells were labeled with the Live/Dead Fixable Stain Kit (Invitrogen, Carlsbad, CA), treated with cytofix/cytoperm and perm/wash reagents from BD Biosciences (San Jose, CA), and then labeled with eBioscience (San Diego, CA) antibodies specific for human CD4 (SK3), IFNγ (B27), and CD154 (TRAP1). The samples were acquired on an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star, Ashland, OR).
Immunoinformatics analyses
EpiMatrix, a T-cell epitope mapping algorithm developed by EpiVax, screens protein sequences for 9-10 amino acid peptide segments predicted to bind to one or more MHC alleles [13, 14] . EpiMatrix uses the pocket profile method, which was first described by Sturniolo and Hammer [15] , to make these predictions. For reasons of efficiency and simplicity, the predictions are limited to the eight most common HLA-DRB1 class II alleles [16] . Raw EpiMatrix values are normalized with respect to a score distribution derived from a large set of randomly generated peptide sequences. Any peptide/MHC allele scoring above 1.64 on the EpiMatrix "Z" scale (the top ~5% of the distribution of a random peptide set) has a significant chance of binding to the MHC molecule for which it was predicted; peptides scoring above 2.32 on the scale (the top ~1%) are extremely likely to bind. The scores of most well-known T cell epitopes fall within this range [17] [18] [19] . After screening for putative MHC class II epitopes, we used the ClustiMer algorithm to identify protein segments with high T cell epitope density. 93% of these epitope predictions have proven to be accurate in prospective biological evaluations [17] [18] [19] [20] [21] .
individualized T cell epitope measure (iTEM)
The iTEM, or individualized T cell epitope measure, predicts how individuals will respond to specific T cell epitopes. Our original method for calculating iTEM scores was published and validated [22] ; here, we used an improved algorithm, which produces even better predictions of subject-specific immune responses, to predict S-OIV HA epitope immunogenicity. Briefly, an iTEM score is generated by first evaluating a peptide for predicted binding to a subject's HLA-DRB1 alleles using the EpiMatrix system (see above). Combining the EpiMatrix scores for each peptide-HLA-DRB1 allelic combination in the haplotype yields an iTEM score for a particular individual. This is achieved by ranking EpiMatrix scores for each allele by magnitude: the highest 9-mer score is weighted 100% and each subsequent positive score for the same allele is underweighted by a factor of 1/n, where n is the rank. This discount factor addresses the fact that a given HLA class II molecule's ability to bind only one 9-mer peptide at a time, which results in lower-affinity peptides occupying a given peptide binding groove for comparatively less time than higheraffinity peptides.
In a series of retrospective studies completed during the development of the iTEM formula, a value of 2.06 gave the best balance between sensitivity and specificity [22] ; as such, iTEM responses of 2.06 or higher in the current study were considered positive. The iTEM scores calculated for each of the peptide-HLA-DRB1 pairs were then compared to the in vitro T cell assay results generated using methods described above. (Specific CD4 + T cell responses 2-fold greater than the background (no antigen) condition were considered responsive in the in vitro stimulation assay.) Based on this evaluation, the peptide-HLA pairs were divided into one of four categories (true positives, true negatives, false positives, and false negatives). In this context, true-positive peptides were predicted and in vitro-validated as immunogenic, while true-negative peptides were predicted and biologically validated to be non-immunogenic. False-negative peptides were predicted to be non-immunogenic, yet produced a positive response; false-positive peptides were predicted to be immunogenic but produced no response in the in vitro T cell assay.
RESULTS
In an effort to better understand whether pre-existing cellular immunity might have generated protective responses against the S-OIV, we examined the capacity of human influenza-specific T helper cells to elicit cross-reactive effector responses against highly conserved epitopes from this novel virus. We specifically chose for this evaluation frozen PBMCs from our stock that had been collected from eight subjects prior to the emergence of the S-OIV in Florida in May of 2009 to try to eliminate the possibility they had been exposed to this virus. The T cell epitopes chosen for this study met two criteria: First, they contained one or more MHC class II-restricted core epitopes that are highly conserved between the S-OIV and Brisbane H1N1 viruses and were predicted to bind strongly to HLA-DRB1 molecules [9] . Second, they share sequence homology with CD4 + T cell epitopes identified in various seasonal influenza H1N1 viruses [6, 9] . This evaluation also included one additional published MHC class II peptide, HA [359] [360] [361] [362] [363] [364] [365] [366] [367] [368] [369] [370] [371] [372] [373] [374] [375] [376] , that is cross-conserved between the pandemic and seasonal H1N1 viruses [6] , but was not predicted by us to contain any core HLA-DRB1-restricted epitopes [9] . The sequences and corresponding promiscuous core 9-mer MHC class II-binding sequences are shown in Table 1 .
In an attempt to directly quantify the frequency of circulating influenza-specific CD4 + T cells capable of cross-reacting against S-OIV in eight donors, we stimulated purified lymphocytes with DCs for 24 hr in an IFNγ ELISPOT assay. (The DCs were either prepulsed with purified protein or peptides were added directly to the assay well.) By design, this short 1-day antigen encounter is intended to trigger cytokine production by antigen-specific T cells without inducing any cell divisions that would otherwise alter the precursor frequency determination. Using the seasonal 2008/2009 seasonal TIV (Brisbane H1N1) as a benchmark in this analysis, we were not surprised to find the frequency of the responding T cell population varied by as much as 10-fold (20-200 TIV-specific CD4 + T cells/600,000 total CD4 + T cells) since each donor's unique genetic background and immune history with influenza would impact the magnitude of the responding population ( Figure 1 ). The S-OIV vaccine also generated a detectable CD4 + T cell response in all but one donor, though in most cases this vaccine elicited a lower-magnitude response than the TIV. The purified Brisbane and S-OIV HA proteins elicited even weaker, but reasonably equivalent, CD4 + T cell populations in only a subset of the donors (Figure 1) . (This might reflect a strong potential for T cell cross-reactivity between the Brisbane and pandemic H1N1 viruses.) Taken as a whole, this hierarchy of responses is perhaps not surprising since the threecomponent (H3N2, influenza B, and seasonal H1N1) seasonal TIV offered a broader complement of antigens for T cell recognition than the single-component S-OIV prophylactic and the purified proteins lack the inflammatory potential of the formulated vaccines. Despite our observation of positive and detectable CD4 + T cell responses in ELISPOT wells stimulated with vaccines and purified proteins, the T helper cell responses elicited by the single or pooled synthetic peptides were modest at best, with only two donors generating populations with measurable significance over the background (no antigen) control ( Figure 1 ).
We believe the ELISPOT results described above provide compelling evidence that preexisting influenza-specific CD4 + T cells can generate cross-reactive T helper cell responses against the novel S-OIV. However, we were unable to use this approach to examine the fine specificity of the circulating T helper cells on a single-epitope basis because of the low frequency of influenza-specific CD4 + T cells in PBMC samples evaluated directly ex vivo. To circumvent this issue, we performed a highly sensitive DC-based T cell coculture assay developed at sanofi pasteur -VaxDesign campus [10, 11] to amplify the influenza-specific population prior to evaluating the fine epitope specificities of the virus-specific lymphocytes. Briefly, purified CD4 + T cells from the same eight donors described in Figure  1 were stimulated for 12 days with autologous DCs that had been pre-pulsed with the Brisbane HA protein. (DCs not pulsed with the foreign protein served as a negative control.) Thereafter, the cultured T cells were harvested and evaluated for their potential to respond to the same HA protein or individual S-OIV HA peptide epitopes in a short-term (7-hr) ICCS assay. In this way, we could readily address whether the 2009/2010 seasonal TIV Brisbane H1N1 strain could amplify T helper cells against specific peptide epitopes derived from the S-OIV HA protein.
Focusing on donor 940 as a representative example of the datasets generated with this approach, we found the T helper cells from this subject were highly active against the Brisbane HA protein, eliciting a CD4 + CD154 + IFNγ + T cell population against the matched target that was more than 8-fold over background in the no-antigen control target (Figure 2) . (Of note, we use the dual expression of CD154 and IFNγ as a stringent readout of antigen specificity in the ICCS assay.) Likewise, this donor also responded vigorously against several of the pandemic H1N1 peptides, but not a universal T cell epitope from tetanus toxoid (TT 947-967 ), which served as a negative control in these experiments (Figure 2 ). This latter result indicates the in vitro proliferative response was specific to the influenza protein and not global/non-specific in nature.
Extending this evaluation to include all eight donors, which are shown graphically in Figure  3 , we found a considerable (up to 14-fold) increase in the frequency of Brisbane HA-specific CD4 + T cells in the antigen-stimulated cultures (closed symbols) in seven out of eight donors, which clearly illustrates the capacity of the lymphocytes to respond to specific antigen stimulation in the in vitro CD4 + T cell assay. As well, the fact that the S-OIV HA peptides could be used to elicit strong T helper cell responses from cultures stimulated with the Brisbane HA protein suggest these highly conserved epitopes are generated during the natural processing of the full-length HA for MHC class II presentation since the whole protein was used as an antigen source in the original 12-day stimulation assay. Similar to what we showed for donor 940 (Figure 2) , the universal tetanus peptide generated no response over background in any subjects included in this evaluation (Figure 3 ). This point, taken together with our observation that not all influenza peptides elicited T cell activity in all donors, suggests the virus-specific CD4 + T cell responses are valid. It is notable that nine of the S-OIV HA peptide sequences included in this study were predicted to have a strong capacity to induce potent CD4 + T cell responses via their capacity for high-affinity and promiscuous interactions with multiple HLA-DRB1 alleles [17] . Therefore, we were not surprised to find most of the peptides elicited positive (2-fold over background/no-antigen control) responses in the majority of donors shown here (Figure 3) . Given that these peptide sequences were chosen because of their strong homology between the Brisbane H1N1 and pandemic H1N1 viruses, these results suggest vaccination with the 2009/2010 seasonal TIV could have elicited potentially cross-protective CD4 + T cell responses against the S-OIV.
To examine the fidelity of the computational tools used by Epivax to map T cell epitopes and MHC class II restriction profiles, we directly compared the human T cell data shown in Figure 3 with our published S-OIV HA peptide binding predictions [17] . To begin, each core 9-mer sequence was evaluated for its capacity to engage the HLA-DRB1 alleles expressed by the donors in this study; those sequences expected to have a high probability of inducing a response (binding potential ranked in the top 5 th percentile) were marked with a large X in Table 2 . We also assessed the HLA-DRB1 binding potential of each full-length peptide, with 5 th percentile values indicated by a small X in Table 2 . It is notable that peptide HA359-376, which is not predicted to have any promiscuous core 9-mer peptides (Table 1) , nevertheless might have the potential to induce responses by engaging four predominant HLA-DRB1 molecules (Table 2) .
Next, we directly correlated these in silico predictions with the in vitro biological data shown in Figure 3 . When compiled together into Table 3 , we found a strong correlation between the 5 th percentile binding predictions (gray shading) and the true capacity of the peptides to induce specific T helper cell responses at least 2-fold over background (marked with an X). In fact, 95% (62 out of 65) of the total positive biological responses were predicted accurately at the 5 th percentile ranking. As well, it is clear from this analysis that a 1% cutoff provides a very conservative prediction of influenza-specific CD4 + T cell epitopes since it markedly underestimated positive responses in the T cell assays. Increasing the number of predictions to include those in the 10 th percentile slightly increased the number of hits (64 out of 65), but also introduced additional false-positives (Table 3) . Of note, the fact that 8 of the 9 S-OIV HA peptides included in this evaluation were predicted to induce positive CD4 + T cell responses in the majority of the eight subjects included in this study reflects our interest in choosing peptides with highly promiscuous core 9-mer sequences that should be able to interact with most individuals in a population.
Broadening this in silico evaluation, we also used the iTEM algorithm (described in the Materials and Methods section) to calculate the probability that a given peptide sequence will elicit a CD4 + T cell immune response in a particular donor. This approach provides a more comprehensive forecast of T cell epitope immunogenicity since it takes into account the binding profile of all the predicted epitopes within a particular peptide sequence against the collective whole of an individual's HLA-DRB1 haplotype. For this study, iTEM scores were calculated for each peptide-donor combination, and those yielding values greater than 2.06 (a predetermined threshold for this technique [22] ) were evaluated for correlation with positive CD4 + T cell responses (2-fold over background) in the in vitro assays (Tables 4 and  5 ). Of the 80 peptide-HLA-DRB1 (8 donors × 10 peptides) combinations derived from this study, 65 of these yielded a significant CD4 + T cell response (SI =>2). Of these 65 combinations, 54 (83%) had iTEM scores > 2.06, which meant they were predicted to elicit significant T cell responses (Tables 4 and 5 ). In the 15 instances where the peptide-HLA combination did not generate a significant T cell response in the in vitro assay, 9 of these (60%) were also predicted to fail to generate responses in the iTEM analysis (score <2.06). One interesting outlier is HA359-376, a confirmed MHC class II peptide [6] that was not predicted to contain any core 9-mer binding motifs (Tables 1 and 2 ). While the in silico binding scores for this peptide fall below the threshold of significance, it did produce a modest response in vitro that was responsible for 6 of 11 false negative predictions. Upon further evaluation, we noted the strongest-scoring 9-mer within this sequence, YHHQNEQGS, contains a glutamic acid at position 6 that negatively impacts the Epimatrix scores since it is typically highly disfavored in this position. In this case, however, the adverse effect of the glutamic acid must be outweighed by the positive effects related to the surrounding amino acids. Taken together, the results of this study confirm an iTEM score greater than 2.06 provides a strong indicator of the capacity of a particular peptide to elicit a specific CD4 + T cell response. While it is possible for peptides with iTEM scores less than 2.06 to trigger responses, setting a high/conservative cutoff value reduces the chance the algorithm will be used to generate false-positive predictions. Indeed, the fact that 54 out of 60 (90%) predicted positive responses were confirmed by the biologic assessments provided in this analysis (Table 5) is perhaps the most important metric of success since one would not want to overestimate the capacity of the population to respond to a peptide vaccine.
DISCUSSION
In light of the fact that pre-existing antibodies offered only limited protection against the pandemic S-OIV of 2009, we and others postulated cross-reactive T lymphocytes elicited by the 2009/2010 seasonal TIV or prior exposure to other H1N1 viruses might have played an important role in limiting disease and the spread of this novel virus by generating direct antiviral effector functions or accelerating the induction of naïve virus-specific B cell responses against novel S-OIV antigens upon subsequent infection. Shortly after the emergence of this virus in 2009, we used in silico techniques to define T cell epitopes that are highly conserved between the S-OIV and the seasonal vaccine strain, Brisbane H1N1, and were predicted to bind promiscuously to the most prominent HLA-DRB1 alleles [17] . In the current study, by performing a biological evaluation of cross-reactive S-OIV-specific CD4 + T cells in the circulation of eight donors chosen at random for HLA-DR genotype, we demonstrated that the computational methods were highly accurate in defining CD4 + T cell epitopes that were broadly reactive, i.e., capable of eliciting responses from nearly all the donors included in this evaluation. In the process of completing this evaluation, we also confirmed that pre-existing CD4 + T cells can generate cross-reactive effector responses against the S-OIV virus, which bolsters the argument that cellular immunity might have engendered some protection against disease resulting from pandemic H1N1 infection.
Our demonstration of cross-reactive T helper cells against S-OIV is consistent with a series of studies that have evaluated potentially cross-protective influenza-specific T cell immunity against this novel virus. For example, two independent studies demonstrated CTLs and CD4 + T cells raised against the seasonal H1N1 viruses, A/Brisbane/59/2007 and A/New Caledonia/20/99, respectively, were capable of responding against whole protein antigens from the S-OIV [23, 24] . In addition, a study by Ge et al. [25] provided evidence of crossreactive human T helper cell responses against defined epitopes from the HLA-DR4 molecule. Our study was complementary to these prior reports, but differed from them in two ways. First, we were particularly interested in addressing whether vaccination with the conventional seasonal TIV might elicit protective immunity against S-OIV, so we focused our evaluation on cross-reactive T helper cells specific for the primary vaccine antigen, HA. Second, we too were interested in assessing peptide-specific T cell responses, but did not limit our evaluation to any particular HLA-DR haplotype. In fact, as mentioned above, we targeted our evaluation of cross-reactive T helper cell epitopes against a panel of eight HLA-DR allele supertypes that cover 99% of the population [9] .
While there is a long history of research examining cross-reactive T cells against influenza, most of these studies targeted the non-structural/more conserved proteins of the virus, such as NP, M1, and PB1, since they offer the greatest potential for eliciting long-lived crossprotective immunity against influenza. For example, recent studies have provided evidence for the existence of T cells reactive against several non-structural proteins from seasonal virus strains that can generate cross-protective responses against avian influenza (H5N1) [26, 27] . As well, individuals not previously exposed to H5N1 viruses were shown to exhibit cross-reactive T cell against both the structural and non-structural proteins from an avian (Hong Kong H5N1) influenza strain [28] . As mentioned above, we specifically focused our evaluation on the structural HA protein of the S-OIV because it is the primary component of the seasonal influenza vaccine and, thus, is likely the primary target of T cell immunity following immunization with a split virus vaccine. While HA is not a dominant target of cellular immunity during natural infection, recent studies with a DR1-transgenic mouse model and tetramer staining of human peripheral blood leukocytes suggest the presence of shared HA T cell epitopes between seasonal H1N1 viruses and the S-OIV [29] [30] [31] .
Although CD8 + T cells are considered a key player in anti-influenza cellular immunity, we limited our investigation to CD4 + T cells because we were specifically interested in whether the 2009/2010 seasonal TIV, which is poor at generating CD8 + T cell immunity, had the capacity to elicit a T helper cell response against the S-OIV. Though we cannot make definitive statements from our data regarding the role of virus-specific CD4 + T cells in limiting S-OIV infection, a strong body of experimental evidence suggests influenzaspecific T helper cells can limit influenza disease, particularly in the absence of an efficacious humoral response. A number of conclusions can be drawn from these published studies [8, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] : (1) the rate of viral clearance upon secondary infection slows considerably, beyond that seen during the primary infection, in the absence of functional memory CD4 + T cells, (2) T cell help is required for the generation of high virus-specific IgG antibody titers, (3) vaccine efficacy is improved when cross-reactive helper T cell populations are present from prior infection and/or vaccination, (4) memory T helper cells specific for a previous influenza strain contribute to cross-strain antibody responses and confer direct protection against heterologous infection, and (5) effective vaccination can elicit protective cellular immune responses capable of secreting cytokines and cytolytic activity. For these reasons, we believe pre-existing CD4 + T cells elicited against the 2009/2010 seasonal TIV could have the capacity to limit S-OIV disease severity.
Our goal, as we embarked on this study, was to employ a short-term (24-hr) IFNγ ELISPOT assay to evaluate the frequency of circulating human T cells capable of responding against the novel S-OIV in donors with no prior exposure to this novel virus. Though we were quite successful using this highly sensitive assay to evaluate T cell responses when the autologous DC targets were pulsed with vaccine formulations or intact viral HA protein (each contain a multitude of potential T cell epitopes), we failed to detect specific T cell effectors in five of eight donors when single peptide antigens were added to the assay wells (Figure 1 ). While this result might be taken to suggest the peptides do not represent dominant HA epitopes, we do not think it is possible to broadly judge the relative strength of the peptides in this evaluation because the sum of the individual epitopes also exceeded the whole protein and pooled peptide responses by at least 10-fold for donors 182 and 208 (Figure 1) . Furthermore, these results are consistent with our observations in other experimental systems that the sum of individual peptide-specific responses often does not match the total T cell response (A. DeGroot et al., unpublished results). Notwithstanding these observations, it is very likely the ten peptides included in this evaluation represent only a subset of the potentially crossreactive peptides that are shared between Brisbane and California HA proteins. In fact, we chose for this evaluation only those peptides that contained sequences we had predicted were the most broadly cross-reactive (amongst multiple HLA class II alleles) and highly conserved between the Brisbane and California H1 viruses [9] .
Our inability to detect individual peptide-specific responses by ELISPOT is not surprising given other researchers have experienced similar difficulties using this technique to evaluate direct ex vivo T cell responses in humans [43, 44] . In fact, past studies aimed at evaluating individual peptide-specific T cell responses from humans have resorted to long-term in vitro stimulation periods (up to 10 day) to trigger the proliferation/accumulation of the specific lymphocytes to a number where they could be detected by ELISPOT assay [28] . In a similar approach, we employed a highly sensitive T cell stimulation/challenge assay developed in our laboratory to evaluate S-OIV peptide-specific CD4 + T cell responses. This technique has been successfully employed to evaluate primary and recall T cell responses against a variety of protein antigens and a formulated yellow fever vaccine [10, 11] . As well, we believe this was a critical component of the study presented here because it addresses one of the limitations of in silico epitope-mapping techniques, namely, that they predict epitopes based on the capacity of a peptide sequence to bind MHC, but do not evaluate the capacity of the MHC machinery of cells to yield that particular sequence for MHC presentation. To this point, the two-stage stimulation technique -where one round of DCs are pulsed with the HA protein (12-day coculture), and then the second round of DCs present the individual peptides (ICCS analysis) -provides direct evidence that the native protein was processed through the DCs machinery to give rise to the peptide epitopes of interest in this evaluation. It is notable that sum of the T cell responses elicited by the individual peptides often exceeded the response elicited by the native HA protein in the ICCS assay (Figures 2 and 3 ), though this observation is perhaps not surprising since pulsing DCs with the native HA protein may be inefficient compared to directly loading the APCs with high concentrations of individual peptides. Nevertheless, given the strength of the peptide-specific responses in the ICCS assay against either the whole protein or individual epitopes, we think it is safe to conclude the DCs did efficiently process the HA protein to generate the peptide epitopes included in this evaluation.
As demonstrated here, bioinformatics offers a powerful approach for predicting T cell epitopes, though the critical step for epitope-driven vaccine design remains the in vitro and in vivo validation of such predictions. Towards this goal, the algorithm used here has been successfully applied to the analysis of previously published epitopes and in the prospective selection of peptides from HIV, Mycobacterium tuberculosis, Tularemia, and vaccinia virus [21, [45] [46] [47] [48] . In the current study, we sought to comprehensively assess the reactivity of influenza CD4 + T cell epitopes as a function of individuals' specific HLA haplotypes, which can be predicted via iTEM calculations. Here, we utilized a refined methodology in which iTEM scores more closely correlate with in vitro responses to successfully model the wide spectrum of HLA haplotypes found in eight randomly chosen donors. In this case, we were able to predict immune responses using iTEM with high sensitivity and minimal falsepositive predictions. The refined iTEM method may afford us an improved capacity to predict immune responses in the context of larger antigen sets; this would need to be investigated in future studies involving multiple protein antigens.
An epitope-driven approach towards vaccine design shows great promise with influenza and other infectious diseases and could overcome challenges facing both subunit and poly-epitopic vaccines. Indeed, merging in silico and in vitro strategies to define potential epitopes has led to the discovery of immunogenic tuberculosis specific T-cell epitopes which may have application in vaccines against this pathogen. So as to improve current influenza vaccine strategies, future pandemic epitope-based formulations could (1) expand the generation of cross-reactive T cell epitopes, (2) exploit sequence conservation within circulating influenza strains, and (3) expand HLA population coverage of cross-reactive epitopes. To improve the immunogenicity of this type of formulation, we feel it would be important to choose peptides that induce multifunctional T cell responses in human PBMCs. As well, we believe the successful implementation of this strategy would require a careful selection of vaccine delivery vehicle, route, and formulation strategy.
CONCLUSIONS
In summary, this study confirmed the capacity of circulating CD4 + T cells to generate crossreactive effector responses against the S-OIV and validated our previous predictions of highly immunogenic HA-derived T cell epitopes that are shared between seasonal and pandemic H1N1 viruses. The implication of these results are clear, namely, that priming with the 2009/2010 seasonal TIV might have generated cross-conserved T helper cells capable of providing enhanced protection against subsequent S-OIV infection via direct antiviral effects or accelerating the induction of naïve antibody responses against the novel virus. Going a step further, we think these observations lends support to the notion that vaccines which "arm the immune system" via cellular/T cell-dependent defenses against influenza virus might provide an alternative to current prophylactic strategies [49] since vaccines that stimulate effective antibody response must be developed on a seasonal basis in a costly and sometimes inefficient process. This hypothesis is supported by the study of Ellebedy et al. [8] demonstrating a correlation between the strength of T cell responses against cross-reactive epitopes and attenuation of influenza symptoms in H1N1-infected humans, ferrets, and mice. Finally, these observations lend support to the integration of in silico and sensitive in vitro testing methods for defining and assessing cross-reactive T cell response in preparation for the next influenza virus pandemic and other infectious diseases. Demonstration of influenza-specific CD4 + T cell cross-reactivity against the S-OIV. CD4 + T cells were isolated from frozen PBMCs and cultured with purified autologous DCs for 24 hrs. Where indicated, the DCs were left untouched or pre-pulsed overnight with vaccine or protein. Peptides, individually or together as a pool, were added directly to the DC/T cell coculture well. Thereafter, antigen-specific T cells were detected by IFNγ ELISPOT assay. Eight donors were included in this evaluation. Demonstration of robust cross-reactive influenza-specific CD4 + T cells effector responses against predicted S-OIV HA epitope sequences. DCs were pulsed with no antigen or Brisbane HA overnight and then co-cultured with purified autologous CD4 + T cells. After 12 days, the cultures were harvested and restimulated with fresh autologous DCs that had, in some cases, been pre-pulsed overnight with Brisbane HA. Some assay wells were pulsed directly with S-OIV HA peptides or the negative control TT peptide, TT 947-967 . After 7 hr, the lymphocytes were evaluated by flow cytometry using a conventional intracellular staining protocol. The dot plots show live/CD4-gated lymphocytes. Highly conserved S-OIV HA peptides elicit strong CD4 + T cell responses from donors not previously exposed to the pandemic H1N1 virus. CD4 + T cells and autologous DCs were cocultured and assessed by ICCS using the method described in Figure 2 . The raw data, as generated in Figure 2 , was plotted as line graphs for all eight donors. Table 1 A/California/07/2009 HA peptide sequences included in this evaluation.
a Lines are used to highlight core 9-mer regions within the peptides that have been predicted to bind strongly to one or more HLA-DRB1 alleles.
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Table 4
Correlation between in silico prediction of donor responsiveness and in vitro biological assay results. Vaccine. Author manuscript; available in PMC 2011 July 6.
